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Physio-anatomical responses of tobacco under caffeine stress
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Abstract

Cafteine, a purine alkaloid, is reported to act both as an inducer or inhibitor to plant growth in various species. The aim of
this study was to examine the effect of exogenous caffeine on tobacco (Nicotiana tabacum) plants, a plant that does not
naturally synthesise caffeine. A hydroponic experiment was carried out in a growth chamber for 14 d using Hoagland’s
solution supplemented with 0 (control), 25, 50, 100, 1,000; and 5,000 uM caffeine. None of the investigated caffeine
concentrations significantly decreased the net photosynthetic rate except the highest concentrations of 1,000 and
5,000 uM. Light microscopy of thick-sectioned roots showed that 1,000 uM and 5,000 uM caffeine-treated plants
possessed deformed epidermal cells, reduced number of cortical cells, and deformed vascular tissues with cells exhibiting
thickened xylem walls as compared with control plants. Moreover, transmission electron micrographs of roots revealed
that mitochondria and the plasma membrane were affected.
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Introduction

Under various environmental stresses, plants adapt and
enhance acclimation responses through retrograde
signalling pathways (Sun and Guo 2016). The study of
stress impact on plants is one of the fast-growing areas of
plant research worldwide. In general, environmental
stresses affect the integrity of cell structure and function
and thus can be determined by examining individual cells
(Ciamporova and Mistrik 1993). For example, under
severe environmental stresses, such as drought, salt, cold,
heat, and chemical pollutants, most plant structural
components are either damaged or deformed causing loss
of function or altered physiology of these components.
Such stresses, generally, act cooperatively and elicit
adaptive as well as protective mechanisms (Vinocur and
Altman 2005). In one type of response, plants synthesise
secondary metabolites, such as alkaloids and various

phenols including flavonoids, steroids, and terpenoids, to
cope with these stresses (Gilbert ef al. 1997, Hadacek and
Kraus 2002, Dhanapackiam and liyas 2010). These
secondary metabolites presumably function in adaptation
of plants to external environments.

Caffeine (1,3,7-trimethylxanthine) is an alkaloid found
naturally in young leaves and immature fruits of more than
100 species including tea (Camellia sinensis), coffee
(Coffea), cacao (Theobroma cacao), and kola (Cola nitida)
(Ashihara and Crozier 1999, 2001; Ashihara et al. 2008).
Caffeine biosynthesis is known to be linked to both abiotic
and biotic stress. However, the physiology of caffeine in
plants is poorly understood. Several plant studies
suggested that exogenous and/or endogenous caffeine may
act as a growth enhancer, while others demonstrated its
function as a plant growth inhibitor (Montes et al. 2014).
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Mohanpuria and Yadav (2009) showed that Arabidopsis
and tobacco seeds that were grown for 17 d in MS media
containing 1 and 5 mM caffeine suffered from obvious
decrease in shoot and root length, leaf discoloration
(yellowing), and diminished root branching. Curlango-
Rivera et al. (2010) reported that caffeine concentrations
between 10,000 and 25,000 uM reduced the number of
root cells in Pisum sativum seedlings. Moreover, Anaya et
al. (2002) reported that root mitosis was inhibited in Zea
mays treated with 2500 uM caffeine. In contrast, the mean
height in plants of Capsicum annum treated with 2,575—
38,660 uM caffeine increased (Kumar and Tripathi 2004).

Thus, caffeine has a potential as an environmentally
acceptable herbicide as well as its proven value as an
effective pesticide (Mathavan et al. 1985, Hollingsworth

Materials and methods

Plants and growth conditions: Tobacco seeds (Nicotiana
tabacum L. var. Turkish) were germinated and grown in
potting soil (Thimar Manufacturing Chemical and
Agricultural Manure, Jordan) for 4 weeks. Two week-old
seedlings with the same number of leaves and heights
(5 cm) were carefully removed from the soil and their roots
were thoroughly washed with water, then transferred to a
hydroponic system, with Hoagland's nutrient solution
(Caisson Laboratories Inc., UT, USA), and transferred to
a growth chamber (model VS-3DM, Bionex, Korea) at a
PPFD of 250 to 300 umol(quantum) m2 s!. The tempera-
ture was 30°C (day) and 23°C (night), and the relative
humidity (RH) was approximately 60%. The seedlings
were grown in the light and in the dark under circadian
illumination of 16-h light/8-h dark (Alkhatib ez al. 2016).
A pilot study was conducted with different concentrations
of caffeine (4Z Chem for chemicals, cat#1590250) (25, 50,
100, 200, 500, 1,000; 5,000; and 20,000 pM). Based on
morphological observations and time of exposure, the
following concentrations were selected for the experiment:
0 (control), 25, 50, 100; 1,000; and 5,000 uM mixed with
Hoagland's nutrient solution. Treatment solutions were
replaced every three days. The experimental design was a
randomized complete block, with three treatments and
three replicates per treatment.

Physiological parameters: Two fully-expanded mature
leaves (the third and fourth from the top of each plant)
were selected to measure net photosynthetic rate (Pn),
stomatal conductance (gs), and transpiration rate (E).
Leaves were measured at 6.25 cm? leaf area using an
infrared gas analyzer (CI-340, CID Bio-Science Inc.,
Camas, WA, USA). All measurements were taken at PPFD
0f1,300 umol(quanta) m2s~'. Plants treated with 5,000 uM
caffeine were measured after 5 d of post exposure to
caffeine (data not shown), since most of their leaves were
completely necrotic after 14 d from the treatment.

CAFFEINE IN PLANTS

et al. 2002, Kim et al. 2006). However, the physiological
and anatomical effects of caffeine on plant roots and leaves
have not been investigated until recently. Our 2016 study
reported that caffeine stress caused changes in morpho-
logical, biochemical, and ultrastructural characteristics of
Nicotiana tabacum leaves (Alkhatib et al. 2016). In this
current study, we hypothesise that plants grown in high
concentrations of caffeine exhibit physiological,
structural, and ultrastructural alterations both in leaf and
root cells. We concluded that the dramatic drop of the
photosynthetic rate in the leaves of plants and the high
concentrations of caffeine were correlated. Tobacco was
chosen as a model study system because it does not
naturally produce caffeine.

Light and transmission electron microscopy: Mature
root and leaf samples (the third and fourth from the top of
each plant) (0.5-1.0 cm) from caffeine-treated and control
plants were prepared for light and transmission micro-
scopy following the same protocol as described by
Alkhatib et al. (2016). Briefly, samples were fixed in 2.5%
glutaraldehyde buffered at pH 7.4 in 0.1 M cacodylate
buffer overnight at 4°C. Samples were washed with 0.1 M
cacodylate five times for 2 min each. Then, samples were
post-fixed in 1% osmium tetroxide, dehydrated in a graded
series of ethanol (50, 70, 80, 95, and 100%), and embedded
in freshly prepared Spurr’s resin (Spurr 1969). For light
microscopy, thin sections of resin-embedded leaf and root
tissues (1.0 um) were cut using a Leica ultramicrotome and
stained with 1% toluidine blue aqueous (Epoxy Tissue
Stain, EMS, PA, USA), and examined using an Olympus
light microscope (Olympus CH20 BIMF200, Olympus
Optical Co. Ltd., Japan) equipped with a digital camera
(Amscope, MUI00, China). For transmission electron
microscopy, ultrathin sections (70 nm) of root and leaf
samples were cut with a diamond knife (Diatome Ltd.,
Bienne, Switzerland) using a Leica ultramicrotome (Leica,
Switzerland), stained with uranyl acetate (Epstein and Holt
1963) then by lead citrate (Reynolds 1963), and examined
with a transmission electron microscope (TEM) running at
60 KV (Zeiss EM 10 OCR, Germany).

Statistical analysis: All statistical analyses for physio-
logical parameters (Px, gs, and E) were conducted using
PC SAS (v. 9.2; SAS Institute, Cary, NC, USA). Analysis
of variance (ANOVA) and Dunnett’s tests were used for the
analysis of physiological parameters; one-way ANOVA
was used to assess significance differences between
different concentrations for each physiological parameter
at o = 0.05. Dunnett’s test was used to assess significant
differences between treatments. Graphs of physiological
parameters were made using Graph pad Prism 5.
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Results

The Py for control plants was 6.08 umol(CO;) m2s™!. In
contrast, Py significantly decreased in 1,000 uM caffeine-
treated plants to —0.58 pmol(CO,) m2s!. No significant
changes in Py were found for leaves exposed to other
caffeine concentrations as compared with control plants
(Fig. 14). Pn, gs, and E for plants treated with 5,000 uM
dramatically decreased at day 5 (data not shown).
However, both g; and E exhibited significant decreases in
leaves grown in 50, 100, 1,000 uM caffeine at day 14 as
compared with control plants (Fig. 1B,C, respectively).

Light microscopy of roots for control plants exhibited
well-organized epidermal cells with multi-layer cortical
cells. In addition, the vascular tissue showed well-arranged
xylem and phloem cells. In contrast, 1,000 and 5,000 uM
caffeine-treated plants showed deformed epidermal cells,
expanded intercellular space in the cortex, thickened cell
walls in the vascular tissues (mainly xylem), impaired
shape of the cells, and reduced number of cortical cell
layers (Fig. 2E,F) as compared with the control root thick
sections (Fig. 24). Moreover, plants treated with 25, 50,
and 100 pM caffeine (Fig. 2B,C,D, respectively) showed
normal epidermal cells as well as regular-shape cortical
cells with normal intercellular spaces. Thus, the vascular
tissue (xylem and phloem) arrangement was similar to
those in control plants exhibiting no thickened xylem (x)
cell walls.

Control plants showed mitochondria with well-
developed system of cristac (Fig. 34), while the TEM
images of the root system grown under 50 and 100 uM
caffeine exhibited mitochondria with dilated cristaec near
the plasma membrane (Fig. 3B,C). Plants treated with
1,000 uM caffeine exhibited elongated mitochondria with
deformed cristae system (Fig. 3D), while 5,000 uM
caffeine-treated plants showed no visible mitochondria
near the plasma membrane (Fig. 3E). Interestingly, the
plasma membrane in the root cells of 50 uM and 100 pM
caffeine-treated plants exhibited invaginations (Fig. 3C,F)
not observed in control plants (Fig. 34). Moreover, the 100
uM caffeine-treated plants also showed increased
vacuolation in the cortical region (Fig. 3H).

The light microscopic images of control, 50 pM, and
100 uM caffeine-treated plant leaves showed regular
epidermal cell layers, a well-organized palisade layer, and
a well as spongy layer (Fig. 44,C,E). However, the
electron micrograph image of 100 uM caffeine-treated
plant showed more plastoglobules than in control plant
(Fig. 4F). The 1,000 and 5,000 uM caffeine-treated plants

Discussion

Among the photosynthetic parameters examined in this
study, gs, E, and Py were significantly reduced by caffeine
stress (50, 100; 1,000; and 5,000 uM), however, a signifi-

1142

10 A

n
o St

£

Q

£ *
= 0

=

o

0.04

v .03
o

E

< 0.02

L

©

E 001

i+

15

FILl')
o

£

o

o

L

3

£

£

Ly

Control 25 50 100 1000
CAFFEINE [M]

Fig. 1. Changes in photosynthetic parameters in Nicotiana
tabacum (A) net photosynthetic rate (Px), (B) stomatal conduc-
tance (gs), (C) transpiration rate (E). Data represent the means
(+ SE) of three independent experiments. * — values significantly
different from the control (Dunnett’s test with P<0.05).

showed deformed epidermal cells and palisade layers
(Fig. 4G,I). Moreover, plants exposed to 5,000 uM exhi-
bited disturbed and very compact spongy layer and the
upper epidermis showed the presence of a trichome
(Fig. 41). Similarly, TEM images of the control and 50 uM
caffeine-treated plant leaves revealed no differences in
their chloroplasts (Fig. 4B,D, respectively). The grana of
chloroplasts in plants treated with 100 uM caffeine were
reduced as compared with control plants, meanwhile
plants treated with 1,000 and 5,000 pM caffeine were
extremely reduced, and the chloroplasts were enlarged
with noticeably bulged outer membrane (Fig. 4H,J).

cant drop in Py was observed only at 1,000 and 5,000 uM
caffeine concentrations. This suggests that g,and £ might
not be the main limiting factors in seedling retardation



and the influence of caffeine on the photosynthetic appa-
ratus is indirect. This could be due to shifting of Rubisco
activity towards oxygenation reactions instead of carbo-
xylation (Pietrini et al. 2003). In addition, Krapp and Stitt
(1995) showed that decreased activity of Rubisco is often
correlated with sugar accumulation in leaves. Previously,
we demonstrated that a drastic reduction of Py is accom-
panied by an increase of sugar content in the leaves of
1,000 and 5,000 uM caffeine-treated plants (Alkhatib et al.
2016). Mohanpuria and Yadav (2009) documented that the
expression of Rubisco in tobacco plants was downregu-
lated upon caffeine exposure and could be the keystone
factor in seedling retardation under those conditions.

In situ microscopic detection of small molecules such
as caffeine in leaf and root materials is extremely difficult
(Ferreira et al. 1998). Furthermore, it is likely that any
caffeine present is extracted during fixation, although it
likely has osmotic effects on plant tissues (Coetzee and van
der Merwe 1987). Nevertheless, its impact on the structure
and ultrastructure was seen very clearly in both root and
leaf cells. Previous studies of the effect of caffeine on a
diversity of crops reported contradictory effects on plant
growth, acting both as an enhancer or inhibitor of growth.

CAFFEINE IN PLANTS

Fig. 2. Light microscopic images showing thick
sections of Nicotiana tabacum root. (4) control root.
The 25, 50, and 100 uM caffeine-treated plants (B, C,
D, respectively). (£) 1,000 uM caffeine-treated plant
showing minor deformation of the cortical cells (CX)
and thickened xylem (X) (arrow). (F) 5,000 uM
caffeine-treated plant showing major disruption in
the organization of the cortical cells (CX) and
vascular bundles [xylem (X) and phloem (P)]. Arrow
indicates thickened xylem (X). Cell wall (CW),
epidermal cells (EP), cortical cells (CX), phloem (P),
and xylem (X). Bar equals 0.01 mm.

This could be due to application of different caffeine
concentrations, different periods of application, or exa-
mining effects on different plant organs (Montes et al.
2014). Khanam et al. (2000) reported that in Duboisia
myoporoides tropane alkaloids were localized in the xylem
cells of roots. In the present study, the xylem wall
thickeneding in the roots of plants treated with 1,000 and
5,000 uM caffeine could indicate the possible accumu-
lation of caffeine in the vascular tissue, causing the
vascular bundle to lose its integrity (Fig. 2E,F).
Cross-sectioned leaves of plants treated with 5,000 uM
caffeine showed severe deformation of palisade paren-
chyma cells as well as compaction of spongy parenchyma
cells. Moreover, the vascular tissue was deformed and
compact (Fig. 47). Mondolot et al. (2006) suggested that in
Camellia canephora leaves alkaloids, i.e. caffeine, was
localized in the phloem cells. In plants treated with 50 and
100 uM cafteine (Fig. 4D,F), the ultrastructural organi-
zation of the leaf chloroplasts was similar to those in con-
trol plants (Fig. 4B). In contrast, deformed chloroplasts of
different shapes were observed in plants treated with 1,000
and 5,000 uM caffeine (Fig. 4H,J) (Alkhatib et al. 2016).
Mitochondrial responses, including reduction in
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number of cristae, have also been reported for various
types of environmental stresses. Ciamporova (1987)
suggested these alternations may be directly related to
changes in respiration activity of the mitochondria. For
example, ATP synthesis decreased by 40% as early as 3 h
after the onset of water stress. In addition, Vartapetian et
al. (2003) reported that destructive, degradative and adap-
tation rearrangments occured in mitochodria membranes
in plants after transfering them from aerobic to anaerobic
environment.

Finally, in stressed root cells, an increase in the number
of small vacuoles was reported. For example, low
temperature-induced transformation of large vacuoles into
numerous small ones was found (Ciamporové and Mistrik
1993). Vacuolation in the root cells is very crucial for both
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Fig. 3. Transmission electron micrographs of Nicotiana
tabacum root cortical cells of control and caffeine-
treated plants. (4) control plant, (B) 50 uM caffeine-
treated plant showing dilated cristac (arrow), (C)
100 uM caffeine-treated plant showing invaginations
of plasma membrane (asterisks), (D) 1,000 pM
caffeine-treated plant showing elongated mito-
chondria, (E) 5,000 pM caffeine-treated plant showing
cortical cell walls (arrow) and no visible mitochondria
were observed; (F) thickened cell walls (CW) of
50 uM caffeine-treated plant exhibiting plasma
membrane invaginations (asterisks), (G) 50 pM
caffeine-treated plant with few lamella (arrow), (H)
100 pM caffeine-treated plant exhibiting vacuolation.
Mitochondria (M), cell wall (CW), small vacuoles (V),
plastid (P). Bar equals 500 nm.

the accumulation of osmotically active substances and
osmotic adjustment under salt or water stresses, respec-
tively (Hajibagheri et al. 1985, 1987). Plants treated with
100 uM caffeine showed very visible invaginations of the
plasma membrane (Fig. 3C). The same pattern was ob-
served in maize, broad bean, and barley root cells dehyd-
rated by withholding water (Ciamporova and Mistrik
1993). Endocytosis of polysaccharide product and its
digestion was confirmed in these cells and evaluated as an
important reaction to water deficit (Nishizawa et al. 1989).
The same pattern was also seen in the epidermal cells of
100 and 500 uM Pb-treated Nicotiana tabacum roots; this
inward invagination suggests a mechanism of Pb detoxi-
fication in order to protect the cell contents from its effects,
by forming pinocytotic vacuoles (Alkhatib et al. 2013).



Conclusion: This is the first study that demonstrates
caffeine-induced alterations in photosynthetic parameters
(Pn, gs, and F), structural, and ultrastructural components
of root and leaf cells. It suggests that more studies on
caffeine’s effect on different species are needed to
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